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competition, selection and choice
can proceed at the gamete level
after mating. SP is a good
example of an adaptation that
clearly benefits individual male
reproductive interests at this
level, but what of the costs
to females?
To measure the costs of
receiving SP in the seminal fluids
at mating, Wibgy and Chapman
[13] compared the reproductive
output of females mated to
normal SP-producing males, and
SP-knockdown males that
produced no detectable SP.
Females held and mated with the
SP-knockdown males copulated
at very high frequencies — as
their sexual receptivity was not
turned off by SP — a situation
which normally generates
significant longevity costs for
female D. melanogaster [18]. 
Despite this twelve-fold
increase in mating activity,
however, it was the females
receiving normal amounts of SP
that showed net reproductive
costs. These ‘normal’ matings
produced lower measures of egg
and offspring production,
compared with similar females
mated to males producing no SP.
Wibgy and Chapman [13]
therefore conclude that SP is a
biochemical adaptation to benefit
individual male reproductive
success, to the detriment of
female lifetime fecundity: solid
proximate evidence for a sexual
conflict in which males win and
females lose.
If SP-modulated reproductive
physiology and behavior are
detrimental to female reproductive
output, why have females evolved
sensitivity to this peptide’s
presence? It seems likely that,
initially, it would have benefited
females to evolve some small
sensitivity to seminal fluid proteins
either as a means of potentially
assessing males, and/or as a
measure of fertile sperm presence
in storage. Evaluation of these
seminal cues would have allowed
females to maintain fertility, while
minimizing costly multiple mating.
But once even minor sensitivity to
SP had evolved, selection would
have acted directly and rapidly on
males to manipulate these female
traits to their own selfish
reproductive aims, even to the
cost of the female. 
The work of Peng et al. [6]
shows that males use their sperm
as vehicles to deliver SP directly
to females. This intimate transport
mechanism and the experiments
using ‘spermless’ males, suggest
that females have evolved
proteolytic counter-adaptations to
degrade SP more rapidly if it is
delivered in an unbound state to
the haemolymph. But as it seems
likely that the sperm storage
environment is better protected
from proteolytic degradation in
order to maintain spermatozoal
integrity, this situation gives males
the opportunity to deliver SP more
effectively, and over an extended
period, by binding the peptide
directly onto their sperm.
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In recent years, a number of
proteins with the remarkable
ability to track growing ‘plus’ ends
of microtubules in cells have been
identified [1,2]. But the molecular
mechanism by which such
proteins specifically associate
with microtubule ends, and the
cellular significance of plus-end-
tracking, have been quite
mysterious. These proteins have
been dubbed +TIPs, the prototype
of which, the cytoplasmic linker
protein CLIP-170, was initially
identified as a factor that links
Microtubule Cytoskeleton: A New
Twist at the End
A diverse group of proteins known as +TIPs specifically recognize the
growing plus ends of microtubules in cells. Two recent papers on one
such protein, CLIP-170, provide new insights into the cellular functions
of +TIPs as well as the mechanism by which they track microtubule
ends.
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endocytic vesicles to
microtubules [3]. CLIP-170’s
striking dynamic behavior on
growing microtubule ends was
recognized several years later [4]. 
Two recent papers [5,6] have
shed new light on the structure
and function of CLIP-170. Arnal
and coworkers [5] analyzed the
effect of the microtubule-binding
domain of CLIP-170 on
microtubule polymerization
dynamics in vitro, while
Lansbergen et al. [6] examined the
interactions of CLIP-170 and
closely related proteins with each
other and microtubule ends.
These studies reveal that CLIP-
170 is an important direct
modulator of microtubule
dynamics which also serves as a
loading dock for the minus-end-
directed motor dynein and its
associated cargos at microtubule
plus ends.
Microtubules are polarized
polymers of αβ-tubulin. In cells,
microtubule minus ends do not
grow, while their plus ends
stochastically switch between
phases of growth and shortening,
a non-equilibrium behavior called
dynamic instability. The transition
from growth to shortening (or
shortening to growth) is referred
to as catastrophe (or rescue).
Microtubule dynamic instability
and its regulation by associated
proteins allows for rapid
remodeling of the microtubule
cytoskeleton during processes
such as spindle assembly or cell
migration [7,8].
Microtubule dynamic instability
can readily be reconstituted in
vitro with pure tubulin, but shows
important differences to the
microtubule dynamics observed in
cells. Most notably, rescues are
exceedingly rare in vitro but occur
very frequently in vivo. By
overexpression of a dominant-
negative CLIP-170 fragment that
interferes with plus-end-tracking
of endogenous CLIP-170, an
earlier study [9] suggested that
CLIP-170 promotes rescues in
mammalian cells, either directly or
indirectly by targeting a rescue-
promoting factor. 
Arnal et al. [5] used a purified
system to analyze the effect of
CLIP-170 on microtubule
polymerization dynamics in vitro.
They found that the amino-
terminal microtubule-binding
domain of CLIP-170
predominantly increases the
rescue frequency of in vitro
assembled microtubules without
significantly affecting the other
dynamic instability parameters.
The same fragment also induced
microtubule polymerization at
tubulin concentrations below the
critical concentration, suggesting
that CLIP-170 can stimulate
microtubule nucleation. This latter
finding is consistent with the
observation that CLIP170 and
unpolymerized tubulin interact
in vitro [10].
Arnal et al. [5] took the
additional important step of
examining the structure of CLIP-
170–tubulin complexes by cryo-
electron microscopy. They found
that the amino-terminal CLIP-170
fragment induces formation of
tubulin rings of relatively high
curvature. These rings associate
with growing microtubule ends
and appear to represent a
polymerization intermediate
generated in the presence of
CLIP-170. This is somewhat
surprising, as earlier
ultrastructural studies suggested
that microtubules grow as open
sheets with relatively low intrinsic
curvature, while high curvature
end structures are associated
with microtubule
depolymerization [11].
There is an additional twist to
the observation of curved CLIP-
170–tubulin oligomers with
regards to the mechanism of plus-
end-tracking. CLIP-170–tubulin
oligomers may be polymerization
intermediates that add onto
growing microtubules as a unit
[10]. Alternatively, CLIP-170 might
have a high affinity for, and
Figure 1. CLIP-170-
mediated loading of
dynein–dynactin at
microtubule ends.
(A) CLIP-170 exists in the
cytoplasm in an inactive
conformation in which its
amino-terminal micro-
tubule binding domain is
masked by the interaction
with its own carboxyl ter-
minus. Binding to micro-
tubule plus ends or tubulin
oligomers exposes the
carboxy-terminal domain.
CLIP-170 itself bound at
the end or addition of
CLIP-170 tubulin oligomers
can also promote rescue of
depolymerizing micro-
tubules. (B) A conforma-
tional change in CLIP-170
allows the Cap-Gly domain
of p150Glued to interact with
the CLIP-170 carboxyl ter-
minus and recruit the
dynein–dynactin complex
to the microtubule end. (C)
The release of dynein–dyn-
actin from CLIP-170 may
involve competition from
other dynein binding pro-
teins such as Lis1 for the
CLIP-170 carboxyl termi-
nus. Release from CLIP-
170 also frees the
microtubule binding
domain of p150Glued, which
allows binding of p150Glued
to the microtubule and is
likely important for dynein
processivity.
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associate preferentially with,
curved structures at microtubule
ends, but have only a very low
affinity for straight protofilaments
so that CLIP-170 dissociates from
the lattice as the microtubule
grows (Figure 1A). 
It is puzzling to note in this
context that the CLIP-170
homologues in budding and
fission yeast appear to be
transported to microtubule plus
ends by a kinesin motor [12,13]. To
date, there is no evidence for such
an end-targeting mechanism of
CLIP-170-related proteins outside
of yeast. Arnal et al. [5] speculate
that the curved oligomers they
observe at ends and in solution
are relevant to the rescue-
promoting effect of CLIP-170. A
specific promotion of rescue has
also been observed with
microtubule-associated proteins
that bind to the microtubule lattice
[14] and a future comparison of
different rescue-promoting factors
by cryo-electron microscopy in
vitro should be very revealing.
In vitro studies of mammalian
CLIP-170 have primarily employed
the amino-terminal microtubule-
binding domain to investigate its
interactions with microtubules.
Lansbergen et al. [6] have made an
important contribution by
analyzing full-length CLIP-170 as
well as the conserved amino-
terminal and carboxy-terminal
regions. Using biochemical assays,
scanning force microscopy and
fluorescence resonance energy
transfer, they obtained evidence
that full-length CLIP-170 can adopt
an inactive, folded conformation in
which the carboxy-terminal metal-
binding domain interacts
intramolecularly with the amino-
terminal microtubule binding
domain. Consequently, the full-
length protein exhibits a weaker
interaction with microtubules than
the amino-terminal domain alone.
Several other microtubule-
associated proteins have a
microtubule binding domain
similar to that of CLIP-170,
referred to as CAP-Gly domain.
This immediately suggests a
potential complex network of
interactions between the carboxyl
terminus of CLIP-170 and different
Cap-Gly domain-containing
proteins at microtubule plus ends.
Lansbergen et al. [6] investigated
this possibility by focusing on
p150Glued, a subunit of the
dynein–dynactin complex that is
responsible for most microtubule
minus-end-directed movements in
cells [15]. 
As p150Glued also tracks
microtubule plus ends in cells, it
is proposed to target
dynein–dynactin to microtubule
plus ends and facilitate cargo
loading [16]. Using RNA
interference, Lansbergen et al. [6]
were able to show convincingly
that CLIP-170 contributes to
p150Glued microtubule plus-end-
tracking. In vitro experiments
indicated that the amino-terminal
microtubule binding domain of
p150Glued binds to the metal-
binding domain in the CLIP-170
carboxyl terminus, similar to the
amino-terminal microtubule
binding domain of CLIP-170 itself. 
Together, these result give rise
to a refined model for how
dynein–dynactin is loaded onto
microtubule plus ends in a
sequence of events involving
competing interactions of proteins
with the two ends of CLIP-170
(Figure 1B,C). In particular, CLIP-
170 activation allows the amino-
terminal Cap-Gly domain to bind
microtubule ends, freeing the
carboxy-terminal metal binding
region to interact with other Cap-
Gly-containing proteins, such as
p150Glued. 
But many questions remain to
be answered. It is entirely unclear
how CLIP-170 is activated in vivo.
Do CLIP-170–tubulin oligomers
exist in cells? Or does CLIP-170
unfold only upon binding to
microtubule plus ends creating a
docking site for p150Glued? It also
remains somewhat mysterious
how this complex disassembles in
vivo to release dynein–dynactin
and associated cargos.
Lansbergen et al. [6] suggest that
this might involve local
competition from the dynein-
interacting protein Lis1, which
also shows some affinity for the
CLIP-170 carboxyl terminus in
vitro. Their observation that
depletion of CLIP-170 reduces,
but does not completely abolish,
p150Glued at plus ends suggests
that the p150Glued Cap-Gly domain
may also directly bind to
microtubule plus ends
independently of CLIP-170. This
may help explain the finding that
dynein-dependent organelle
distribution appears unaffected by
CLIP-170 depletion [6]. 
Thus, the most important
question continues to be the
functional significance of a CLIP-
170-targeted population of dynein-
dynactin at microtubule plus ends.
Investigation of more complex cell
types may help address whether
this mechanism is important in
specialized contexts.
The papers from Arnal et al. [5]
and Lansbergen et al. [6] provide
new insight into the function and
interactions of CLIP-170 at
microtubule ends and hint at the
potential regulatory complexity.
These and numerous recent and
ongoing studies on +TIPs indicate
that defining the complex web of
interactions at the plus ends of
microtubules and their
consequences on microtubule
behavior and cellular physiology
will remain a focus of interest in
the near future.
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I like the duck-billed platypus
Because it is anomalous.
I like the way it raises its family
Partly birdly, partly mammaly.
I like its independent attitude.
Let no one call it a duck-billed
platitude.
Ogden Nash
Advanced sex chromosomes —
XX/XY with male heterogamety,
ZZ/ZW with female heterogamety
— have evolved independently in
many different lineages, and show
several striking common features,
including lack of recombination in
the heterogametic sex, and
genetic degeneration of the Y or
W chromosome [1,2].
Degeneration involves the loss or
inactivation of most Y- or W-
linked genes, and this is often
compensated for by sex
differences in the expression of X
or Z-linked genes [3]. The sex
chromosomes are frequently
heteromorphic, with the Y (W)
often smaller than the X (Z), and
largely made up of
heterochromatin. Partially evolved
sex chromosomes with only some
of these features are also known
[1]: in these cases, the
non-recombining region of the
chromosome pair that carries the
sex determining genes forms only
part of the chromosome, as in
papaya [4] and the three-spined
stickleback [5].
The initial reason for evolving
lack of recombination between Y
and X (or Z and W) chromosomes
is probably because they
originally carried sex-determining
genes, and recombination
between these genes would have
produced disadvantageous
sexual phenotypes [2]. It is thus
not surprising that small non-
recombining regions exist: these
are presumably the regions
where the sex-determining genes
are located. But why do many
sex chromosome systems have
much larger non-recombining
regions? 
Such systems might have been
created by chromosome
inversions, which when
heterozygous suppress crossing
over across large regions,
potentially including many genes
other than those involved in sex
determination, and contributing to
the evolution of chromosome
heteromorphism. The evolutionary
pressure for this wider reduction
of recombination is thought to
come from the existence of loci
with alleles that are sexually
antagonistic — one allele is
beneficial to males but harmful to
females, and the other has the
opposite effect. There is an
obvious selective advantage to
ensuring that such loci are closely
linked to the sex-determining
region [1,6,7].
These ideas apply to genes
that are already on the sex-
determining chromosome;
linkage between sexually
antagonistic loci on an autosome
and the sex-determining region
requires translocations bringing
material from one chromosome
onto another [8]. Translocations
between the sex chromosomes
and autosomes, creating ‘neo-
sex’ chromosomes, have indeed
become established in a variety
of taxa, most often involving
Robertsonian fusions between
sex chromosomes and an
autosome. For example, the
Drosophila pseudoobscura X is
made up of two arms, one
homologous with the D.
melanogaster 3L chromosome
arm and one with its X (Figure 1).
The eutherian mammalian Y is
also a composite, made up of a
part that was already X-linked in
marsupials, and a part that
became X-linked more recently,
and which is still autosomal in
marsupials [9]. An X-autosome
fusion followed by a Y-autosome
fusion (or vice versa) must have
been involved in this case, as
some genes in both parts are
now present on the X as well as
the Y. The DNA sequences of
those still present in the added
part have much lower X–Y
divergence than the others,
consistent with their alleles
having stopped recombining
more recently.
It now appears that the duck-
billed platypus, a monotreme, is
an extreme example of multiple
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Sex Chromosomes: Evolution of
the Weird and Wonderful
New findings in the platypus and Drosophila pseudoobscura illustrate,
yet again, that the sex chromosomes seem never to stop evolving.
Degeneration processes lead to a continual loss of genes and gene
activity on the Y chromosome, and complete loss of Y-linked genes is
possible if autosomal genes take over control of male fertility —
though addition of new material to the sex chromosomes may start the
process anew.
